We present the results of photometric solutions for two contact binaries in the nearby globular cluster M4. We estimate their physical parameters using the light-curve program of the WilsonDevinney code. These systems have quite different mass ratios, which indicates that they did not form at the same time. V47 is an extreme mass-ratio system (q = 0.123 ± 0.002) being dissimilar to the same kind of field contact binaries. V53 is a high mass-ratio (q = 1.230 ± 0.004), deep-contact (f = 79.7 ± 1.9 per cent) system. It is also a blue straggler.
I N T RO D U C T I O N
Once, people believed that there were no binaries in globular clusters (GCs). However, this thought has been changed by new discoveries in the last 20 yr. Many binaries have been discovered in GCs, including numbers of contact binaries. Binary populations in GCs, especially primordial close binaries, play a very important role in the dynamical evolution of GCs. Consider a typical GC with a mass of M = 10 5 M¯and a root-mean-square velocity of hv 2 i 1/2 = 10 km s −1 . According to the virial theorem, the binding energy of the GC is E = −Mhv 2 i/2 = −1 × 10 43 J. If a binary is made up of two 1 M¯stars with a separation of 2 R¯, its binding energy is 1 × 10 41 J. The total binding energy contained in 100 such binaries can compare with that of the whole GC. If these binary systems exchange energy with passing stars, the structure and evolution of a GC should be strongly affected.
Binaries in GCs not only impact the dynamical evolution of GCs but also are windows to understand the absolute dimensions of GC stars. As early as 1983, Harris & McClure (1983) pointed out that the GC giants had lower masses and larger radii than field Population I giants. A deduction is that field main-sequence stars (MSs) and GC MSs should be somewhat different. Contact binaries are potentially a powerful tool to understand the parameters of GC MSs, because they are usually made up of two MSs. This is the aim of this paper.
Kaluzny, Rucinski, Mateo and other researchers have studied GC contact binaries extensively. Through 2000, the number of contact binaries discovered in and around GCs was 86 (Rucinski 2000) . Except for a W UMa contact binary in the GC NGC 6397 which was studied by Rubenstein & Bailyn (1996) , none of these has published physical parameters. This paper gives parameters for two ? E-mail: creator_ll.student@sina.com; liul@ynao.ac.cn GC contact binaries determined from their multicolour light curves. Because of the lack of spectroscopic data, these results should be considered preliminary.
O B S E RVAT I O N S A N D DATA A NA LY S I S
The observations of the M4 field in B, V, R and I bands were carried out on 2010 June, 5, 6, 7 and 8 with the 2.15 m Jorge Sahade (JS) reflecting telescope (f/8.5 Cassegrain) at Complejo Astronómico El Leoncito Observatory (CASLEO), San Juan, Argentina. The nights were very clear with seeing of ∼2.5-3.0 arcsec. The Versarray 1300B CCD camera was binned 3 × 3, yielding a scale of 0.67 arcsec per binned pixel and a field of view of 5 × 5 arcmin 2 . Exposure times were 120 s for B and 90 s for VRI. The comparison star is marked as C1 in Fig. 1 , whose brightness is close to our targets. The point spread function (PSF) method is used to reduce the observed images with IRAF.
1 A PSF was derived for every image and used to measure the photometric magnitudes of the targets. The original measurements with the PSF method are listed in Appendix A (Tables A1-A7 ). The photometric uncertainties in these tables are those produced by the IRAF program. They depend on, as is well known, the correct input parameters, such as the full width at halfmaximum PSF, the standard deviation of the background in counts, the readout noise etc. They also depend on the quality of the PSF fit. For these observations, the photometric uncertainties are about 0.04 mag. Because V53 is located in a very crowded field of the cluster, the value of the standard deviation of the background is easily overestimated, which will lead to a large uncertainty. Thus, the 
a (1) - Kaluzny et al. (1997) ; (2) -this paper.
uncertainties for V53 were possibly overestimated. For this reason, we did not use the uncertainties in the Wilson-Devinney (W-D) code when fitting the light curves of V53. The uncertainties are shown in Fig. 3 for the purpose of describing the quality of our photometric measurements.
We use the least-squares parabolic fitting method to get several times of minima through our observations and collected all available times of minima of V47 and V53 for their ephemeris correction, which are listed in 
We use these formulas to calculate the phases, finding that the light curves of V53 are a bit incomplete and noisy because this star is mixed with other sources in the crowded field and so is very sensitive to seeing changes. There is an obvious distortion in the B-band data for V47, which is not detected in the other bands.
P H OTO M E T R I C S O L U T I O N S
Because the stars are faint, there are no previous spectral measurements or photometric solutions of these two systems. We give their photometric parameters first. Having considered the qualities of the light curves, we choose the VRI light curves of V47 and the BRI light curves of V53 for photometric analysis. The 2003 version of the W-D program (Wilson & Devinney 1971; Wilson 1990 Wilson , 1994 Wilson & Van Hamme 2003) is used to fit the light curves. During the solutions, the effective temperature of star 1, T 1 , is fixed at values described below. Also fixed at values chosen from the literature are the bolometric albedos, A 1 and A 2 , the gravity-darkening coefficients, g 1 and g 2 , and the limb-darkening coefficients of each band. The quantities varied in the fit are the mass ratio, q, the effective temperature of star 2, T 2 , the monochromatic luminosity of star 1 in each band, L 1 , the orbital inclination, i, and the dimensionless potential of star 1, Ä 1 . Extensive testing revealed that these two systems are contact systems, so the contact model is used in the final solutions (Mode 3, Ä 1 = Ä 2 ). These inputs and outputs are listed in Table 2 .
V47
Kaluzny, Thompson & Krzeminski (1997) gave (B − V) max as 0.82 for V47 and the reddening E(B − V) as 0.4 for M4. However, the latest reddening value was given by Richer et al. (2004) as (Dotter et al. 2007 (Dotter et al. , 2008 ; http://stellar.dartmouth.edu/models/) has T eff = 6238 K at (B − V) 0 = 0.47. Indeed, the value of the effective temperature sensitively depends on the uncertainties of the previous parameters. It is hard to exactly determine the effective temperature without any spectral data. Fortunately, the light curve depends much more sensitively on the ratio of the two T eff values than on the individual T eff values (Yakut & Eggleton 2005) . Thus, the derived values of the other parameters of the systems such as mass ratio, inclination and degree of contact are probably not much affected by the uncertainties in the T eff . Hence, for an estimation, T 1 is fixed at 6238 K. Evolution theory of single stars tells us that low-mass MSs have a radiative core with a convective envelope; contrarily, medium-mass stars have a convective core with a radiative envelope. We adopt the first case, so the bolometric albedos are A 1 = A 2 = 0.5 for the convective-equilibrium envelope (Rucinski 1969) . The values of the gravity-darkening coefficient g 1 = g 2 = 0.32 (Lucy 1967) are used, which correspond to the common convective envelope of both components. According to Claret & Gimenez (1990) , square-root limb-darkening coefficients are used for each band (listed in Table 2 ). The main photometric results are q = 0.123 ± 0.002, T 2 = 6244 ± 21 K and f = 32.0 ± 7.3 per cent. These indicate that V47 is an extreme mass-ratio, medium-contact binary. The measurements, the observational errors and the fitted light curves are shown in Fig. 2 . Kaluzny et al. (1997) gave (B − V) max as 0.59 for V53. Like V47, assuming that V53 is a member of M4 yields (B − V) 0 = 0.24.
V53
Its spectral type should be A7-8V. Using the same method as for V47, the corresponding temperature is 7535 K. However, recently, Lovisi et al. (2010) derived its temperature as 7350 K from a spectrum by using the Very Large Telescope (VLT). So we adopted the later value in the solution. The bolometric albedos are A 1 = A 2 = 1.0 for a radiative equilibrium envelope; the values of the gravity-darkening coefficient are g 1 = g 2 = 0.32. Square-root limbdarkening coefficients are used for the BRI band (they are listed in Table 2 ). The main photometric results are q = 1.230 ± 0.004, T 2 = 7523 ± 40 K and f = 79.7 ± 1.9 per cent. V53 is a high massratio, deep-contact, A-type contact binary. The measurements, the observational errors and the fitted light curves are shown in Fig. 3 .
D E T E R M I NAT I O N O F P H Y S I C A L PA R A M E T E R S
Based on the apparent distance modulus in the V band of M4, (m − M) V = 12.83 (Gratton et al. 2010 bolometric absolute magnitudes, M bol , for the systems (3.83 mag for V47 and 2.83 mag for V53). Secondly, we use the light curve (LC) program of the W-D code to estimate the combined bolometric absolute magnitudes which can be compared with the results in the previous step. The LC program can provide M bol of each component from the period, semimajor axis and other parameters obtained from the photometric solutions. There is only one variable here, namely, the semimajor axis. Take V47 for an example. Every value of the semimajor axis corresponds a set of bolometric absolute magnitudes of star 1 and star 2. We add them to get the total value and find that when the semimajor axis is 2.160 R¯, the bolometric absolute magnitudes of star 1 and star 2 are 3.99 and 5.95 mag, respectively, yielding M bol,max = 3.826 mag. This agrees with the observed value within the round-off errors. These inputs yield a set of physical parameters of V47, which are listed in Table 3 . The parameters of V53 obtained in the same way are listed in Table 3 as well. We note that the total mass of V53 is about 1.65 M¯. This value is twice the mass of the stars at the main-sequence turn-off (M TO = 0.815 M¯; Gratton et al. 2010) , which is in accord with the conclusion that V53 is blue struggler. This reliable result is contributed by the effective temperature of V53 derived from the VLT spectrum.
D I S C U S S I O N A N D C O N C L U S I O N S
V47 and V53 are contact binaries that are members of the old, nearest GC M4. However, they are quite different. This at least implies that the two systems did not form at the same time. Usually, a close system evolves towards lower energy and angular momentum. So, contact binaries must evolve from high mass ratio to low mass ratio to decrease its total energy and angular momentum. Its larger q argues that V53 has been in contact for less time than V47. However, there are two doubts. First, the photometric solution reveals that V53 has a very low orbital inclination and a deep contact factor. This kind of system, with such a low orbital inclination and with such a deep contact factor but a mass ratio close to one, is very rare. Secondly, V53 is a blue straggler (BS). BSs are above the turn-off point in the cluster colour-magnitude diagram. They seem very young, blue and bright. Since the 1990s, several observations imply that their formation is related to binaries. (a) Some BSs are short-period binary systems, like V53. (b) The spatial distribution of BSs and binaries is similar (Mathieu & Latham 1986; Nemec & Harris 1987; Nemec & Cohen 1989) . These observations led to the interpretation that BSs come from mass transfer between the components of close binaries or come from the merging of close binaries by orbital angular momentum loss. The photometric results show that the components of V53 are still located on the main sequence because of their surface gravity g. However, their luminosities are large than expected for their masses. A rational explanation is that, when V53 merged, lots of heat was generated and has not dissipated completely yet. This process left a hightemperature, low-mass abnormal system. It can be proved by longterm monitoring, since the brightness should decrease due to the heat radiating away. Existing circumstantial evidence for this picture is provided by the amplitude of the light variation. We checked the light curve published by Kaluzny et al. (1997) , finding MaxII − MinII ∼0.22 mag. In our light curves, this value has decreased to ∼0.20 mag, on average. This can be explained as follows. As the merging process continues, the shape of the system will change from asymmetric to symmetric and the variations caused by the geometric shape will eventually disappear. Hence, V53 is very worthwhile paying attention to.
Let us move our sight to the other target, V47. We define an extreme mass-ratio, deep-contact binary system (EMRDCBS) as a W UMa-type binary whose mass ratio is less than 0.20 and whose fill-out factor is greater than 50 per cent. Generally, they are at the last stage of contact binary evolution. Perhaps they are already rapidly rotating single stars. This type of binary is thought to end its evolution by merging into a single star in two different ways. In one case, when the mass transfer is from the less massive secondary component to the more massive primary, the period of the system is increasing with the mass ratio decreasing. If the orbital angular momentum is less than three times the total spin angular momentum, the system will become unstable and evolve into a single, rapidly rotating star (Hut 1980) . In the other case, when the mass transfer is from the more massive primary component to the less massive secondary, maybe with lots of mass lost from the second Lagrange point (L 2 ), the orbit of the system is contracting with the mass ratio decreasing. The evolution ends with the small star being consumed by the big star (Rasio & Shapiro 1995) .
V47 is such a system: it has a low mass ratio (∼0.123) and medium contact (∼32 per cent). Its period is shorter than and the mass of its secondary is among the smallest of those known for EMRDCBSs (Table 4) . There are two possible reasons for these properties of V47. First, interactions of third stars with short-period binaries in GCs are expected to reduce the orbital separation, on average (e.g. see the discussion in section 3.2 of Hut et al. 1992) . Decreasing the orbital separation would increase the depth of the contact. Secondly, MSs in GCs have lower masses than those in the typical field contact binary. The period-luminosity relation for contact binaries then argues that the cluster binaries will have shorter Table 3 . Physical parameters of V47 and V53. Table 4 . Physical parameters of some deep, extreme mass-ratio field contact binaries. & Rucinski (1999) periods. In addition, Rubenstein (2001) and others have pointed out that Population II MSs have smaller masses and radii at a given colour than Population I stars. Contact binaries made of Population II stars will have smaller separations, hence shorter orbital periods, than those made of Population I stars with the same mass. In addition to its short period, the fill-out factor of V47 is remarkable. Ordinarily, low mass-ratio systems should have a deep contact configuration (Table 4) . However, V47 is far away from this expected state. This may reflect the process that the mass is transferring from the less massive component to the more massive one, which causes the orbit to enlarge. This causes the system to exhibit a low mass ratio but a medium contact factor. Because of interactions with third stars, this mass-transfer process might be stronger in clusters than that in the field. This idea can be tested by long-term monitoring of the times of minimum. Unlike V53, the observation of V47 is much easier. In summary, (a) V47 and V53 both are short-period, smallamplitude contact binaries in the old GC M4. The distinctions are that V47 has an extreme mass ratio and medium fill-out factor, while V53 has a high mass ratio and deep fill-out factor. (b) V47 presents some different properties from field low mass-ratio contact binaries. These differences may be a window on the dynamical impact of GCs on their binary stars. (c) V53 is not only a contact binary but also a BS. This dual nature makes it an important object to comprehend the hypothesis that BSs are formed by binaries.
It must be pointed out that, because of the seeing, the photometric measurements were of poorer quality than is desirable. Moreover, because of the small orbital inclinations, the mass ratio, q, may perhaps be less reliable, with radial velocity measurement becoming very important. In the future, we will apply to obtain radial velocities with a 6-8 m telescope in order to determine spectroscopic mass ratios and much more exact parameters. This will provide the evidence needed to support our conclusions.
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